Gastrointestinal (GI) cancer is one of the most common causes of cancer-related deaths worldwide. Tumor markers are valuable in detecting post-surgical recurrence or in monitoring response to chemotherapy. Pyruvate kinase isoform M2 (PKM2), a glycolytic enzyme catalyzing conversion of phosphoenolpyruvate (PEP) to pyruvate, confers a growth advantage to the tumor cells and enables them to adapt to the tumor microenvironment. In this review, we have summarized current research on the expression and regulation of PKM2 in tumor cells, and its potential role in GI carcinogenesis and progression. Furthermore, we have also discussed the potential of PKM2 as a diagnostic and screening marker, and a therapeutic target in GI cancer.
Introduction
Gastrointestinal (GI) cancer is one of the most common causes of cancer-related deaths worldwide, and accounts for 40 .6% of all reported cases (1). The combined incidence of gastric, esophageal, colorectal and pancreatic cancers accounted for more than 30% of all diagnosed cancers in China (2) . The high mortality rate associated with GI cancers is due to the advanced stage of the disease at diagnosis. The current tumor cells markers for pathological examination have low sensitivity, and are limited to detecting post-surgery recurrence or monitoring response to treatment. Several researchers have also questioned the clinical utility of the most commonly used GI tumor markers, such as carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) (3-5). Therefore, it is essential to identify novel diagnostic markers for the early detection of tumors in order to reduce mortality rates.
In the 1920s, Warburg et al. observed that unlike normal cells, cancer cells were largely dependent on glycolysis instead of mitochondrial oxidative phosphorylation, independent of oxygen availability (6) . This process was subsequently called the Warburg effect or aerobic glycolysis, and is one of the hallmarks of cancer cells (7) . This metabolic reprogramming in cancer cells generates adenosine triphosphate (ATP) and allows the cells to survive in anoxic conditions, in addition to providing them with the intermediates and substrates for the biosynthesis of nucleotides, proteins and membrane components that are necessary for proliferating cells (8, 9) . However, glycolysis produces ATP less efficiently than oxidative phosphorylation, and to compensate for this loss of ATP, cancer cells up-regulate the genes encoding glucose transporters and glycolytic enzymes, leading to increased glucose uptake and metabolism (10) . Increased glucose uptake can therefore be used for the clinical detection of tumors using fluorodeoxyglucose positron emission tomography (FPET) (11) . Studies show that the glycolytic enzyme pyruvate kinase (PK) plays an important role in metabolic reprogramming of tumor cells and the ensuing aerobic glycolysis (12) . PK catalyzes the irreversible conversion of phosphoenolpyruvate (PEP) and adenosine diphosphate (ADP) to pyruvate and ATP, which is the final and one of the three rate-limiting steps of glycolysis (13) . Once pyruvate is synthesized, it is either fed into the tricarboxylic acid (TCA) cycle for oxidative phosphorylation or reduced to lactate under anaerobic conditions (9) . PK has several isoforms in mammals, of which the M2 isozyme or PKM2 is a characteristic metabolic marker of tumor cells (12) . Several recent studies show the therapeutic potential of PKM2 in GI cancer. In this review, we have summarized the current knowledge on PKM2 expression and regulation, and its role in the occurrence and development of GI tumors. In addition, we have emphasized the unique role of PKM2 in glucose metabolism and its ability to disrupt the metabolic control of cancer cells, and its potential as a therapeutic target for GI cancer.
Regulation of PKM2 expression and activity
In mammals, the PK family consists of four isoforms: PKL (liver, kidneys and intestine), PKR (red blood cells), and PKM1 and PKM2 (muscle) (Figure 1 ). PKL and PKR are products of the PKLR (liver/red cell pyruvate kinase) gene (14) . PKL has the lowest affinity to PEP among all isoforms, while PKR is inhibited by ATP and activated by fructose-1,6-bisphosphate (FBP) (15) . PKM1 and PKM2 are produced by alternative splicing of the primary RNA transcript of PKM gene, and contain sequences encoded by exons 9 and 10, respectively (16) . The non-allosteric isoform PKM1 is constitutively active and expressed in terminally differentiated tissues like the muscle and brain, which require a large supply of ATP. In contrast, PKM2 is expressed in tissues with anabolic functions, including normal proliferating cells and cancer cells, and is subject to complex allosteric regulation. PKM2 is overexpressed in most cancer cells, making it a suitable target for cancer therapy.
Unlike PKM1 which spontaneously forms a highly active tetramer, PKM2 forms a dimer with very low catalytic efficacy. This low activity explains the preference of the proliferating cells for PKM2, since the latter results in reduced PEP clearance and consequently, a build-up of glycolytic intermediates which are subsequently fluxed into biosynthetic pathways necessary to sustain proliferation. Therefore, the metabolic fate of glucose in highly proliferating tumor cells is largely influenced by the regulation of PKM2.
The expression of PKM2, as well as the ratio between its tetramer and dimer forms, is regulated at various levels through mitogenic signaling. In other words, the cellular metabolic state responds to external signaling cues through changes in PKM2 expression (17) . The preferential expression of the M1 and M2 splice variants is controlled by three heterogeneous nuclear ribonucleoproteins, hnRNPI, hnRNPA1 and hnRNPA2, which are transcriptionally regulated by c-Myc (18) , which in turn is stabilized by mitogenic signaling cascades like the Ras/Raf/ERK pathway (19) . However, c-Myc is often dysregulated in cancer cells via mechanisms that are independent of external signaling cues. For example, studies have documented amplification of the c-Myc gene in cancer cells, which may act as the "driver mutation" and determine the metabolic profile of cancer cells (20) . Interestingly, PKM2 has also been shown to translocate to the nucleus where it acts as a cofactor of β-catenin, and induces transcription of c-Myc and subsequently that of key glycolytic proteins such as glucose and lactate transporters (21) .
The stoichiometric ratio of the PKM2 monomers, dimers and tetramers is also modulated by posttranslational modifications. PKM2 is allosterically activated by the glycolytic intermediate FBP. However, phosphorylation of PKM2 at Tyr105 reduces its binding affinity to FBP, resulting in lower PKM2 activity (22) . In addition, direct binding of tyrosine-phosphorylated peptides to PKM2 may also result in decreased FBP binding, and consequently decreased PKM2 tetramerization and activation (23) . The PI3k/Akt/mTOR pathway has also been implicated in PKM2 regulation. Treatment of cells with rapamycin (mTOR inhibitor) for example decreased PKM2 expression levels, thereby underscoring the role of external signaling cues in controlling cell metabolism via altering PKM2 activity (24) .
The ratio between catalytically active PKM2 tetramers and low-activity dimers is also allosterically controlled by substrate availability (25) . In addition to FBP which acts as a cofactor that stabilizes PKM2 tetramers, the latter is also activated by serine (26, 27) . In rapidly dividing cells, serine levels are low due to its consumption in purine biosynthesis, which dampens PKM2 activation and decreases glucose flux through glycolysis (28) . Upregulation of PKM2 in cancer cells with small molecular activators resulted in an increased glycolytic flux with a concomitant drop in glycolytic intermediates and the ability to synthesize serine, thereby rendering cancer cells auxotrophic to serine (29) .
In contrast, other metabolites such as phenylalanine and oxalate affect tumor cell growth by inhibiting PKM2 activity (30) . A recent study showed that oxalate not only increased the proliferation of breast cancer cells (e.g. the MCF-7 and MDA-MB-231 cell lines), but also enhanced in vivo development of breast tumors in nude mice after direct injection into the mammary fat pad. The tumorigenic effects of oxalate are related its ability to suppress PKM2 activity, which results in the accumulation of metabolic intermediates that are subsequently fluxed into biosynthetic pathways (31) .
Functions of PKM2 in GI cancers
PKM2 promotes tumor growth, metastasis and chemoresistance by regulating either tumor cell metabolism directly as an enzyme or different signaling pathways as a nuclear transcription factor, depending on the tumor type.
In the following section, we have highlighted the current research on the role of PKM2 in GI cancers.
PKM2 acts as a proliferative agent
PKM2 promotes the growth of gastric cancer cells by transcriptionally regulating Bcl-xL (32). PKM2 knockdown partially affected the stability of the NF-kB subunit p65, indicating that post-translational regulation of p65 is one of the mechanisms used by PKM2 to drive tumor growth (33) . Recent studies have reported presence of PKM2 in the blood of patients with gastrointestinal, pancreatic, lung and ovarian cancer, and renal cell carcinoma (34) . Therefore, circulating PKM2 levels can be a potential diagnostic marker for these cancer types. A recent study showed that the dimeric form of PKM2 in blood facilitated tumor growth and neo-angiogenesis by increasing endothelial cell proliferation, migration and adhesion to the extracellular matrix (35) . The pro-proliferative functions of PKM2 depend on its nuclear translocation, which is promoted by different posttranslational modifications like tyrosine phosphorylation, lysine acetylation, or sumoylation in response to epidermal growth factor receptor (EGFR), interleukin-3 (IL-3) and Oct-4, respectively (36) . In addition to stimulating cell proliferation, PKM2 translocation also promotes apoptosis via a caspase and Bcl-2 independent manner in response to stimuli like DNA damage or oxidative stress (37, 38) . Furthermore, PKM2 knockout in Eca109 and EC9706 cells activated caspase 3, down-regulated caspase 9, and increased expression of Bim (39) .
PKM2 facilitates tumor metastasis
PKM2 is known to increase colorectal cancer (CRC) metastasis by modulating the STAT3 signaling pathway (40) . The study of Atsushi Hamabe et al. showed that PKM2 mediated epithelial-mesenchymal transition (EMT), which is critical for cancer cells to acquire the invasive potential. They also demonstrated that EMT stimulated the nuclear translocation of PKM2 and transcriptionally downregulated epithelial cadherin (a requirement for EMT induction). PKM2 also repressed E-cadherin epigenetically by interacting with the transcriptional factor TGF-β-induced factor homeobox 2, which induces histone H3 deacetylation and downregulates E-cadherin transcription. These findings indicate a novel regulatory axis involving PKM2 that can be utilized to prevent cancer metastasis (35) .
PKM2 enhances chemo-resistance
Studies have linked dysregulated glucose metabolism with chemo-resistance, and since PKM2 is an important regulator of tumor glycolysis, it has been implicated in drug resistance in different GI cancers. 5-Fluorouracil (5-FU) is an important agent used for the systemic treatment of GI cancers, but has limited clinical response due to emergence of resistance among the patients (41) . Studies have linked PKM2 expression and activity to cisplatin resistance in gastric tumor cells and to acquired resistance to 5-FU in CRC cells, indicating its role in acquired chemo-resistance. In addition, PKM2 is a direct target of miR-122 in the colon cancer cells, and overexpression of the latter in 5-FU-resistant cells re-sensitizes them to 5-FU by inhibiting PKM2 (42) .
The nucleoside analog gemcitabine (2',2'-difluorodeoxycytidine) is routinely used in the treatment of advanced pancreatic cancers (43). Kim et al., Calabretta et al. and Pandita et al. have elucidated different mechanisms by which PKM2 can induce gemcitabine chemo-resistance, and have suggested the possibility of combining gemcitabine and a PKM2 inhibitor to improve therapeutic response of pancreatic cancer cells (43) (44) (45) . Nuclear translocation of PKM2 increases gefitinib resistance in CRC cells via STAT3 activation, and CRC patients who are resistant to gefitinib or oxaliplatin have higher PKM2 expression (40, 46) . In addition, knockdown of both PKM2 and GLS1 significantly reversed oxaliplatinresistance in CRC cells (47) . PKM2 also modulates the response of esophageal squamous cell carcinoma (ESCC) cells to chemotherapy by regulating the pentose phosphate pathway (48) .
PKM2 as a therapeutic target in GI cancers
In view of the important role of PKM2 in GI cancers, it is an attractive therapeutic target in these cancers. Due to the metabolic diversity of cancer cells, we have discussed the prognostic and therapeutic relevance of PKM2 in different GI cancers.
Esophageal cancer
Esophageal cancer is the sixth leading cause of cancerrelated deaths and the eighth most common cancer worldwide (49) . Surgery alone or in combination with neoadjuvant chemo-radiotherapy, adjuvant radiotherapy, and/or adjuvant chemotherapy is the main therapeutic modality of esophageal cancer (50) . A meta-analysis showed that high expression of PKM2 was associated with poor prognosis in esophageal squamous carcinoma, and highlighted its prognostic significance (51) . In addition, high PKM2 expression was associated with the clinical stage, tumor stage, nodal metastasis and differentiation, indicating its potential as a prognostic biomarker in esophageal cancer (52) . A recent study established PKM2 as a marker of transformed and highly proliferating cells during the metaplasia-dysplasia-adenocarcinoma sequence in Barrett's esophagus (53) .
In the last two decades, tanshione IIA has gained attention for its potential therapeutic effects in cancer. A research investigated the anticancer activity of tanshione IIA in human esophagus cancer Ec109 cells through the inhibition of PKM2 expression (54) .
Gastric cancer
Gastric cancer is the fifth most common malignancy diagnosed worldwide, after cancers of the lung, breast, colorectum and prostate (55) . PKM2 overexpression in gastric cancer was significantly correlated with certain parameters of tumor progression, such as clinical stage, nodal metastasis, tumor stage and tumor size. However, the high levels of PKM2 were not associated with tumor cell differentiation (34) . Recent evidence suggests that antidiabetic drug metformin prevents cancer progression. Metformin has profound antitumor effect by inducing intrinsic apoptosis via the inhibition of HIF1α/PKM2 signaling pathway in gastric cancer cell SGC7901 and BGC823 (56).
Pancreatic cancer
Pancreatic cancer is the fourth leading cause of cancerrelated deaths world-wide. Only 10%−15% of pancreatic cancer patients have survival chances by surgical resection. Therefore, it is an urgent research to find therapeutic targets for pancreatic cancer.
Chronic exposure to gemcitabine leads to modulation of PKM alternative splicing in pancreatic ductal adenocarcinoma cells, conferring resistance to the drug. It is highly feasible to combine gemcitabine and a PKM2 inhibitor in order to improve chemotherapeutic response in pancreatic cancer (45, 57) .
CRC
CRC is the third most common cancer in males and the second-most prevalent in females (58) . High levels of fecal PKM2 have been proposed as a novel diagnostic biomarker for detecting CRC, with a sensitivity of 64% in detecting early stage (T1 and T2) cancer. However, a recent systematic review and meta-analysis showed ambiguous sensitivity and specificity of this marker (59).
As mentioned above, nuclear PKM2 modulated the sensitivity of CRC cells to gefitinib and indicated that small molecule pharmacological disruption of nuclear PKM2 association with STAT3 is a potential avenue for overcoming EGFR-TKI resistance in CRC patients (40, 46) .
Conclusions
Cancer is caused by the uncontrolled proliferation of cells, which substantially increases the demand for nutrients and cellular building blocks, and therefore requires metabolic changes. Targeting the unique metabolic characteristics of cancer cells, such as absorption of amino acids, glutamine and aerobic glycolysis, has therefore emerged as a novel selective therapeutic strategy against cancer cells. Under physiological conditions, glucose is decomposed into pyruvic acid via glycolysis, which then is fed into the mitochondrial TCA cycle and completely oxidized to carbon dioxide. Cancer cells however metabolize most of the glucose anaerobically, independent of oxygen availability, and the resulting pyruvate is converted into lactic acid and secreted from the cells. It is not completely clear as to why cancer cells use this inefficient method of producing energy, but it is hypothesized that this metabolic pathway helps the cancer cells use nutrients more effectively for proliferation. PKM2 catalyzes one of the rate-limiting steps of glycolysis, and its overexpression in tumor cells is associated with glycolysis, tumorigenesis, metastasis and chemo-resistance. In addition, high levels of PKM2 in solid tumors are associated with poor prognosis. A strong correlation has been reported between plasma/fecal PKM2 levels and the tumor stage in gastric, colorectal and pancreatic cancers, indicating its potential as a prognostic biomarker and therapeutic target in GI cancers. There should be no illusions, targeting cancer metabolism by PKM2 represents novel opportunities for enhancing therapeutic efficacy. However, PKM2 as a therapeutic target for clinical treatment still needs more experimental verification.
